We investigated the relationship between frequently deregulated microRNAs (miRNAs) and enodometrial pathology in an attempt to find the most dependable miRNA or combination of miRNAs to identify normal, hyperplastic and malignant endometrial tissues. We also investigated the association between those miRNAs and PTEN status. We measured the expression of six miRNAs (miR-21, 182, 183, 200a, 200c and 205) in 75 formalin-fixed, paraffin-embedded normal, hyperplastic, and malignant endometrial tissue blocks using Taqman-based real-time PCR assays. PTEN loss of expression was assessed in the same endometrial tissues by immunohistochemistry. Expression of five miRNAs (miR-182, 183, 200a, 200c and 205) was significantly higher in endometrial carcinoma (CA) when compared with complex atypical hyperplasia (CAH), simple hyperplasia (SH) and normal endometrial tissue (Po0.05, respectively). Considering the likelihood ratio and number of parameters, the composite panel of six miRNAs was the best marker, revealing a sensitivity of 91% and a specificity of 94% in differentiating endometrial CA from endometrial hyperplasia or normal endometrium while the individual miRNAs exhibited 64-77% sensitivity and 66-91% specificity. Interestingly, in distinguishing endometrial CA from CAH, the composite panel of four miRNAs (miR-182, 183, 200a, 200c) was the best marker, producing 95% sensitivity and 91% specificity. The percentage of PTEN loss was significantly higher in endometrial CA compared with SH (68% vs 24%, Po0.05), and it was also higher in CAH compared with SH (71% vs 24%, Po005). Aberrant expression of miRNAs and loss of PTEN expression are common in endometrial hyperplasia and CA. They might serve to increase the diagnostic reproducibility and improve discrimination, especially, between CAH and CA by miRNA expression profiles and between simple and complex hyperplasia through PTEN expression patterns. Those expression profiles of biomarkers also might be used to predict the potential for progression from endometrial hyperplasia to invasive CA.
Endometrial carcinoma (CA) is the most common female genital tract malignancy in developed countries such as the United States. 1 According to national tumor registry, 2,3 the incidence of endometrial cancer in Korea also remarkably increased from 1991 to 2005.
Clinicopathologic and epidemiologic studies have supported the malignant potential of endometrial hyperplasia and the concept of continuum of proliferative glandular lesions culminating, in some cases, in CA. 4 Accurate diagnosis and curative intervention of those precancerous lesions are as important for endometrial cancers as for cervical cancers. However, two factors make classification of endometrial hyperplasia suboptimal, such as curettage sampling errors and subjective WHO classification. 5 Diagnosis of such a precancerous endometrial hyperplasia, especially the criteria for cytologic atypia, which confers a significantly increased risk of progression to CA, [6] [7] [8] is very subjective among pathologists and has shown a low interobserver reproducibility of o50% in most studies. 5, 7 Those results prevent the WHObased classification of endometrial hyperplasia to guide patient clinical management and treatment effectively. 5 MicroRNAs are small noncoding RNAs that have been implicated in tumor development. They regulate target gene expression either by mRNA degradation or by translation repression. [9] [10] [11] [12] [13] [14] [15] [16] [17] In general, each microRNA (miRNA) can regulate up to hundreds of target genes. 9, 17 During tumor development, aberrant expression of miRNAs can either inactivate tumor suppressor genes or activate oncogenes, [10] [11] [12] [14] [15] [16] 18 thereby promoting tumor formation. [10] [11] [12] [14] [15] [16] 18 Because expression of miRNAs is tissue-specific, 10 detectable in blood 19 and correlates with clinical cancer behaviors, 20 miRNAs are potential valuable biomarkers.
Until recently, several studies have identified either upregulated or downregulated miRNAs in endometrial tissue samples. They used the global profiling method [21] [22] [23] [24] [25] [26] [27] [28] [29] or the candidate miRNA approach [30] [31] [32] [33] [34] [35] [36] and showed that aberrant expression of miRNAs has been associated with tumor histology, [26] [27] [28] response to steroid therapy 24 or chemotherapy 29 and survival. 21, 22, 25 However, most studies determined miRNA expression in either normal endometrial tissues or cancer tissues, and the possible miRNA expression in endometrial hyperplasia is largely unknown.
Mutations in PTEN have been found in more than 20% of hyperplasias, both with and without atypia, and in 30-80% of endometrial CAs, suggesting that alterations in PTEN occur at a relatively early stage in endometrial tumorigenesis. 4 Characterization of the complex relationship between miRNAs and the target gene PTEN in endometrial lesions may help further to define some of the molecular pathways that drive carcinogenesis. Thus, we decided to seek for the differential expression of six miRNAs, which have been reported most frequently in endometrial cancers [21] [22] [23] 25, [27] [28] [29] 31, 36 and PTEN in a variety of endometrial tissues to understand the endometrial carcinogenesis and apply those expression profiles to the pathologic diagnostic field. Those biomarkers would help to increase the diagnostic reproducibility of endometrial hyperplasia and also improve discrimination between complex atypical hyperplasia (CAH) and endometrial CA. Those expression profiles of biomarkers might also be expected to identify those patients with endometrial hyperplasia who have concurrent CA or are at risk of developing it. Histologic diagnoses were reviewed by two independent pathologists. Normal tissues were obtained from the patients who had a hysterectomy for benign uterine pathologies such as leiomyoma, adenomyosis or prolapsed uteri. Only tissue blocks with more than 80% of hyperplasia or CA content were used for this study. For endometrial CAs, we selected only well-differentiated (grade 1), endometrioid-type, endometrial CAs because they are the main targets we should discriminate from CAHs.
Materials and methods

Endometrial Tissue Samples and Patients
RNA Extraction
Total RNA from FFPE tissues was extracted using RecoverAll Total Nucleic Acid Extraction Kit (Ambion, Texas, USA) following the manufacturer's protocol. RNA concentration and purity were assessed using UV Spectrophotometer.
Reverse Transcription-and Quantitative Real-Time PCRs
Reverse transcription and quantitative real-time PCRs were performed for the following miRNAs: miR-205, miR-183, miR-200c, miR-200a, miR-182 and miR-21 using the MicroRNA TaqMan Reverse Transcription Kit and the TaqMan MicroRNA Assays in triplicate (Applied Biosystems, Foster City, CA, USA). U6 small nuclear 2 (RNU6b) was used to normalize input total small RNA. Absolute quantification for each miRNA as well as RNU6b was performed using a standard curve generated by serial dilution of reverse transcribed total RNA extracted from VK2 cells, and expression of each miRNA was presented as the ratio between miRNA and RNU6b (RQ).
Immunohistochemical Analysis of PTEN Loss of Expression
Material was available from all cases of endometrial tissues for immunohistochemical analysis of PTEN loss of expression. Four-micron sections of FFPE tissue were cut and placed on Superfrost Plus microscope slides (VWR, San Francisco, CA, USA).
The tissue sections were deparaffinized and rehydrated through graded alcohols. Endogenous peroxidase activity was blocked by incubation in 3% H 2 O 2 . Antigen retrieval was carried out with 0.01 M citrate buffer pH 6.0 and microwave heat induction. Approximately 100 ml of the primary rabbit monoclonal antibody (diluted 1:100; Cell Signaling Technology, clone138G6, Danvers, MA, USA) or antibody diluents lacking the primary antibody was applied to each slide. The slides were washed, and a biotinylated anti-rabbit antibody (diluted 1:500; Vector Laboratories, Burlingame, CA, USA) was applied. After a second wash, the avidin-biotin-peroxidase complex (Vector Laboratories) was applied. Color development was accomplished by incubation in diaminobenzidine with 3% H 2 O 2 as a substrate, and nickel chloride enhancement. The slides were counterstained with methyl green, dehydrated through graded alcohols, cleared in xylene and coverslipped with permanent mounting media. All cases were reviewed and interpreted without the knowledge of other laboratory or clinical results. Individual glands were scored as PTEN-null when the signal was absent in the nuclear and cytoplasmic compartments of most cells in that gland. Because the burden of PTEN-null glands in general remains less than 2-5% until clonal expansion into an EIN lesion, 37 specimens were scored as PTEN-positive if more than 95% of endometrial glands expressed PTEN with 5% and less PTEN-null glands, heterogenous with 6-94% PTEN-null glands and PTENnegative with more than 95% PTEN-null glands. Immunohistochemical loss of PTEN included specimens scored as negative and heterogeneous according to previous reported methods. 38, 39 Statistical Analysis Kruskal-Wallis test was used to compare the RQ of miRNA expression with respect to pathological findings of patients. Pathologic diagnosis was used as a standard reference. The receiver-operator characteristic curve was constructed and the cutoff values of each miRNA and the composite panel of miRNAs that produced high overall accuracy were selected. The sensitivity and specificity in differentiating CA from other tissues and CA from CAH were calculated for each cutoff. The area under receiver-operating characteristic curve (AUC) was also estimated. To determine the best composite panel of miRNAs, we used Akaike's Information Criteria, which determines the best fitting model based on the likelihood ratio test and the number of model parameters. 40 The
Results
MicroRNA Expression in Clinical Samples
Expression levels of five miRNAs (miR-182, 183, 200a, 200c and 205) were significantly higher in endometrial CA when compared with CAH, SH and normal endometrial tissue (Po0.05, respectively; Figure 1 ). Expression level of miRNA-21 was moderately elevated in endometrial CA compared with CAH (Po0.1). No miRNA expression level was significantly different among normal endometrium, SH and CAH.
MicroRNAs Panel Optimized as Biomarkers for Endometrial Carcinoma
The individual microRNAs exhibited AUC values of 0.665-0.904 in distinguishing endometrial CA from endometrial hyperplasia or normal endometrium, revealing 64-77% sensitivity and 66-91% specificity (all Po0.05; Table 1 ). In discriminating endometrial CAs from other tissues, the composite panel of all six miRNAs was determined to be the best fitting model. The composite panel of six miRNAs produced 0.961 AUC that was higher than any other individual gene used alone (Po0.05). Given a specificity of 94%, the composite panel revealed a sensitivity of 91% in differentiating endometrial CA cases from hyperplasia or normal cases (Figure 2) .
When discriminating endometrial CA from CAH, the individual microRNAs exhibited AUC values of 0.760-0.896, revealing 67-82% sensitivity and 63-77% specificity (all Po0.05; Table 2 
PTEN Status in Endometrial Tissue Samples and Association with MicroRNA Expression
Loss of PTEN expression was determined in the same endometrial tissues by immunohistochemical analysis. Altered PTEN expression was noted in 2 of 10 normal endometrium (20%), 5 of 21 SH (24%), 15 of 21 CAH (71%) and 15 of 22 endometrial CA (68%). Among PTEN loss specimens, PTEN heterogenous type was more frequently detected in normal and SH compared with CAH and CA (86% vs 10%; Figure 4 ). The percentage of PTEN loss (PTENnegative and heterogeneous cases) was significantly higher in endometrial CA compared with SH (68% vs 24%, Po0.05); it was also higher in CAH compared with SH (71% vs 24%, Po0.05; Figure 5 ). Expression of miR-200c was significantly higher in PTEN-negative tissue compared with PTEN-positive tissue (Po0.05). Expression of miR-21 and miR-183 did not show a significant correlation with PTEN expression patterns. 
Discussion
In the present study, we determined the expression of the six miRNAs most frequently reported in endometrial cancers, [21] [22] [23] 25, [27] [28] [29] 31, 36 correlated with pathologic findings as well as PTEN tumor suppressor expression. Recently, several studies have noted associations between microRNA expressions and 183, 21, 25, 27, 36 were reported to be upregulated in endometrial CAs including cancer cell lines compared with normal endometrial controls, especially in early-stage and well-differentiated cancers. A few of the most recent studies reported upregulated miRNA-200 family in endometrioid endometrial CA wit 29 showing that all members of miR-200 family (200a, 200b, 200c , 149, 429) were upregulated in endometrioid endometrial CA compared with the levels in normal endometrial tissues. However, those results are less informative from a pathological standpoint because it is not so difficult to discriminate between cancer and normal endometrial tissues. We thought we needed more practical biomarkers for differential diagnosis between CAH and welldifferentiated endometrioid-type endometrial CA or between simple and complex hyperplasia. It is those lesions that we pathologists find it particularly difficult to make a diagnosis in daily routine practice. Although Snowdon et al 28 showed that 43 dysregulated miRNAs in endometrioid endometrial CA and CAH compared with normal controls from microarray study, they did not suggest any practically helpful panels of miRNAs to discriminate among those three lesions. Surprisingly, we detected significant differences between normal endometriun or hyperplastic tissue and endometrial CA in five out of six miRNAs. The higher expression of miR-182, 183, 200a, 200c and 205 was noted in endometrial CA when compared with CAH, SH and normal endometrial tissue. All of the six miRNAs exhibited statistically discriminating power between endometrial CA and other tissue types, with miR-183, in particular, showing higher than 80% sensitivity and specificity. We also found that a composite panel of six miRNAs was the statistically best biomarker.
From a clinical perspective, it is particularly difficult to differentiate between CAH and endometrial CA in some cases, and correct pathologic diagnosis is critical in treating these patients. In our study, five out of six miRNAs showed higher expression in endometrial CA compared with CAHs. Based on AUC analysis, individual miRNAs were proven to be substantially informative. However, the composite panel of four miRNAs consisting of miR-182, 183, 200a and 200c was the best combined biomarker to differentiate endometrial CA from CAH.
Considering the high sensitivity and specificity above 90%, it might be used as a supplementary diagnostic tool in complicated cases.
PTEN is the confirmed target of miR-21 9,41 and predicted target of miR-200c and 183. Predicted targets were examined with http://microrna.sanger. ac.uk/sequences. 21 In a few studies, PTEN immunohistochemical expression patterns have been reported to have utility as a diagnostic marker for differentiating normal, hyperplastic and neoplastic endometrium. 8, 42, 43 Pavlakis et al 44 suggested that PTEN-loss and nuclear atypia of EIN in endometrial biopsies can predict the existence of a concurrent endometrial CA. However, some other studies have failed to show that lack of PTEN expression has the specificity and reproducibility to be clinically useful as a biomarker. 7, 45, 46 Thus, we decided to ascertain the role of PTEN tumor suppressor gene in endometrial tumors and the relationship with miRNA alterations including specific miRNAs, which were considered to target PTEN tumor suppressor gene. 9, 21 In the present study, the percentage of PTEN loss including PTEN-negative and heterogeneous cases was significantly higher in endometrial CA and CAH compared with SH and normal endometrium. Interestingly, miR-200c was significantly upregulated in various PTEN-negative endometrial tissues. However, based on our data that showed a discrepancy between PTEN loss and miR-200c expression in CAH, another mechanism or miRNAs might be involved in the process of PTEN loss in the endometrial carcinogenesis pathway. Although PTEN is the confirmed target of miRNA-21 and miRNA-21 is considered to be involved in the pathogenesis of endometriosis 24, 47 and the estrogen receptor network, 36 miRNA-21 does not seem to be involved in the endometrial tumorigenesis in our study.
The results of our study suggest that several miRNAs (miR-182, 183, 200a, 200c and 205) are involved in progression from complex atypical endometrial hyperplasia to CA, whereas PTEN has a role in the progression from SH to CAH. Thus, using those expression profiles in the diagnostic field, we could estimate the malignant potential of the endometrial tissue samples that are histopathologically controversial. That is, the normalized ratio of a real-time PCR result of miRNAs might be used to discriminate between CAH and well-differentiated endometrial CAs, while PTEN loss of expression pattern seems useful for differential diagnosis between simple and CAH. Furthermore, although endometrial tissue samples are hyperplasia, or less histopathologically, if the upregulated miRNA expression profile matches that of endometrial CA, we may assume that the possibility of concurrent endometrial CA or high risk of progression to CA is very likely. However, future studies with a test set, where we could try using our panel on a set of unknown cases to see whether they were able to pick up any unrecognized cases of endometrial adenocarcinoma are warranted to determine whether this interaction truly implies and stratifies risks. If the panel is able to detect cases that are missed by surgical pathologists, who then have the opportunity to correct their diagnoses before signing the case out, it could be really valuable, and could be applied in difficult cases.
There has been no report on applying miRNA and PTEN expression profiles for histopathologic differential diagnosis among simple, CAH and endometrial CA. It is hoped that expression profiles of those biomarkers could help us choose one of several categories of endometrial lesions with more confidence, particularly when distinguishing between CAH and well-differentiated endometrial CA.
